Wirelessly powered backscatter communication (W-PBC) has been identified as a promising technology for lowpower communication systems, which can reap the benefits of energy beamforming to improve energy transfer efficiency. Existing studies on energy beamforming fail to simultaneously take energy supply and information transfer in WPBC into account. This paper takes the first step to fill this gap, by considering the tradeoff between the energy harvesting rate and achievable rate using estimated backscatter channel state information (BS-CSI). To ensure reliable communication and user fairness, we formulate the energy beamforming design as a max-min optimization problem by maximizing the minimum achievable rate for all tags subject to the energy constraint. We derive the closed-form expression of the energy harvesting rate, as well as the lower bound of the ergodic achievable rate. Our numerical results indicate that our scheme can significantly outperform state-ofthe-art energy beamforming schemes. Additionally, the proposed scheme achieves performance comparable to that obtained via beamforming with perfect CSI.
I. Introduction
Wirelessly powered backscatter communication (WPBC), a kind of wireless transmissions by modulating and reflecting ambient wireless signals, emerges as a promising technology to achieve ultra-low-power communication for a broad range of the Internet of Things (IoT) applications, such as smart city, connected health, and smart farming [1] . Although achieving transmissions with power consumption of µWs via ambient wireless signals from television and WiFi communications, WPBC is limited to short ranges due to the small amount of energy harvested by a backscatter tag and low signal power which further attenuates significantly after reflection.
By forming sharp energy beams towards target users, energy beamforming is an attractive solution to improve communication ranges. Growing attempts have been devoted to exploring the merits of energy beamforming in WPBC [2] , [3] . Despite the fact that much has been understood through these studies, their beamforming designs fail to take the fundamental trade-off between energy supply and information transfer into account. These studies either only focus on optimizing the transmit beamforming to maximize the sum rate of a cooperative WPBC system [2] , or design energy beamforming just to maximize a total utility of the harvested energy [3] . Nevertheless, there are different optimal beams for the achievable rate and energy harvesting rate. The reason lies in the fact that the energy harvesting rate at the tag * The corresponding author is Wei Wang (weiwangw@hust.edu.cn). only depends on the forward channel (i.e., transmitter-totag), while the achievable rate at the reader depends on the backscatter channel (i.e., transmitter-to-tag-to-receiver). As a consequence, energy beamforming that only maximizes harvested energy cannot guarantee the achievable rate to retain reliable communications. Likewise, energy beamforming that only maximizes data rate cannot ensure the energy supply.
To overcome the above limitation, we take the first step to investigate the energy beamforming design that considers the trade-off between energy supply and information transfer via the estimated backscatter channel state information (BS-CSI). As shown in Fig. 1 , this paper considers a general WPBC network where a reader with massive antennas transmits energy to multiple single-antenna tags, and tags transmit information to the reader by backscatter modulation. To ensure reliable communication and user fairness, we formulate the beamforming design as a max-min optimization problem by maximizing the minimum achievable rate for all tags subject to tags' power consumption constraints. To solve this problem, we analyze the energy harvesting rate and achievable rate via beamforming using the estimated BS-CSI.
The major contributions are summarized as follows.
• We propose a beamforming scheme for energy supply and information transfer in WPBC using the estimated BS-CSI. To the best of our knowledge, this is the first work that considers the trade-off between the energy harvesting rate and the achievable data rate in WPBC.
• We obtain the analytical expressions of the energy harvesting rate and lower bound on the ergodic achievable rate with the estimated BS-CSI, considering the effect of unknown forward and backward channels.
• Our numerical results indicate that the minimum achievable rate of the proposed scheme is significantly higher 978-1-7281-0962-6/19/$31.00 ©2019 IEEE than that of previous energy beamforming schemes, while slightly lower than that obtained by energy beamforming with perfect CSI. The rest of this paper is organized as follows. Section II establishes the system model. Section III elaborates on the energy beamforming design for energy supply and information transfer. Section IV analyzes the harvested energy and achievable rate of the proposed scheme. Next, Section V shows the numerical results. Section VI presents the state of the art. Finally, Section VII concludes our paper.
II. System Model
As shown in Fig. 1 , we consider wireless energy transfer (WET) from a monostatic reader with M antennas to K singleantenna tags and backscatter communication between tags and the reader with another R antennas for a WPBC system. Each tag harvests energy for circuit consumption and transmits information to the reader by backscatter modulation.
We assume transmission over time blocks. The duration of each time block is T symbol periods, each of which is shorter than the coherent interval. Each time block consists of a channel estimation (CE) slot, which lasts α symbol periods, followed by a simultaneous wireless energy and information transfer slot. First, the reader sends pilots and leverages backscattered signals to estimate the BS-CSI associated with each tag. Subsequently, the reader performs energy beamforming to transmit wireless energy and provide carrier signals for all tags. Simultaneously, tags transfer information to the reader.
A. Channel Model
∈ C R×1 be the forward and backward channel vector, respectively. h f mk is the forward channel coefficient between the mth transmit antenna of the reader and tag k, and h b kr is the backward channel coefficient between the k-th tag and the r-th receive antenna of the reader. We consider flat Rayleighfading channel model. Thus, we assume that h f mk , h b kr are independent and both distributed as CN (0, β k ), where β k denotes the path loss of the channel between the reader and tag k. β k is constant over the coherent interval and known at the reader. Let
kr is the backscatter channel coefficient, which is a combination of the channel from the m-th transmit antenna to tag k with the channel from tag k to the r-th receive antenna of the reader.
B. Backscatter Channel Estimation
In the backscatter CE slot, the reader estimates the channel matrix of each tag by controlling tags to reflect the pilot signals in sequence [3] . When estimating the backscatter channel of the k-th tag, the reader transmits orthogonal pilot sequences GB 1/2 ∈ C D×M by M transmit antennas, where G ∈ C D×M satisfies G H G = I M , and B ∈ C M×M is a diagonal matrix with Dp ce as element. p ce and D represent the power of each antenna transmitting a pilot sequence and the length of pilot sequence (D ≥ M), respectively. Then, K tags reflect the pilot signals with a reflection coefficient δ k ∈ C in sequence.
The reader can eliminate the direct-link influence by employing self-interference cancellation techniques or frequency shifting. Thus, the received signal at the reader is given by
where N k is an R × D matrix with independent and identically distribute (i.i.d.) elements and [N k ] mr = n k,mr ∼ CN
. Given Y CE k , the least-square (LS) estimate of H k can be expressed as
Denote the estimation error by
. However, energy beamforming needs to obtain forward channel state information (F-CSI). Therefore, we use the backward channel state information (B-CSI) as an unknown parameter to obtain the desired F-CSI through BS-CSI. Mathematically, we define random vector h
Then, we can obtain the element of error that follows complex Gaussian distribution with zero mean and variance
Based on the above analysis, we can obtain the distributions with h b kr as a condition for subsequent analysis as follows:
III. Energy Beamforming for Wireless Energy and Information Transfer
A. Energy Transfer
The reader transmits a carrier signal to K tags concurrently. To improve the energy transmission efficiency, we use the estimated BS-CSI for beamforming. The reader transmits a signal u with E { |u| 2 } = p, and the average transmit power is w.
Thus, we can obtain p = wT −αp ce T −α . The reader uses a weighted sum of the normalized estimated BS-CSI, since it is proved to be asymptotically optimal for WET [4] . The beamformer is denoted as
So the signal emitted by the reader is given as uΦ, and the received signal at tag k is given by
where n k denotes the noise and n k ∼ CN
. We assume that the noise energy cannot be harvested [3] . Then the incident signal power of tag k can be represented as
When the tag is activated to reflect the incoming signal, The rectifier converts the (1 − δ k ) fraction of incident radio frequency signal into a direct current (DC) [5] . Otherwise, the whole incident signal power is rectified to DC.
To simplify the analysis, we assume that the harvested energy scales linearly with the input power [6] . Thus, the instantaneous energy harvesting rate when the tag is activated is given by
where η ∈ (0, 1] is the rectifier efficiency.
B. Information Transfer
When the instantaneous energy harvesting rate exceeds the circuit power consumption rate, tags reflect and modulate the incident carrier signal. Then the received signal vector from tag k can be written as
where δ k and s k are the reflection coefficient and the backscatter signal of tag k, respectively. We assume s k is distributed as CN (0, 1), and the noise v k is distributed as CN (0, Σ) [2] . So the received signal vector at the reader from K tags can be represented as
where • represents Hadamard product, . However, information detection needs to obtain the B-CSI. Therefore, we use F-CSI as an unknown parameter to obtain the desired B-CSI through BS-CSI. Mathematically, we define random vector The received vector after using a linear detector Q to detect the information from all tags is given by
.
Let r k and x k be the k-th elements of K × 1 vectors r and x, respectively. q k , h b k , ε k be the k-th column of detector Q, H b , ε. Therefore, after using the linear detector, the received signal associated with the k-th tag can be written as
The ergodic achievable rate of the information transmission from tag k is given by
where the signal-to-interference-plus-noise-ratio(SINR)
(13)
C. Energy Beamforming Design
We realize energy beamforming and information detection for energy supply and information transfer in WPBC using the estimated BS-CSI. We note that the energy harvesting rate at the tag relies on the forward channel while the achievable rate at the reader relies on the backscatter channel. Therefore, there are different optimal energy beams for achievable rate and harvested energy due to the difference between the forward and backscatter channels. We formulate the beamforming design as a max-min optimization problem to maximize the minimum rate for all tags by jointly optimizing the energy allocation weights ζ = [ ζ 1 , ζ 2 , ..., ζ K ] of the beamformer Φ, the CE time α and transmit power of pilot p ce , subject to the power consumption constraint as follows.
where ρ denotes the circuit power consumption rate in backscattering. This problem maximizes the throughput with user-fairness assurance. However, a closed-form analytic solution to (14) does not appear easy to find. To verify the performance improvement of the proposed scheme, we obtain the optimal resource allocation through numerical solver.
IV. Analysis on Energy Harvested Rate and Achievable Rate
To optimize beams in a multiuser system as formulated in Eq. (14), we derive analytical expressions of the energy harvesting rate and achievable rate by using energy beamforming with the estimated BS-CSI. Additionally, we analyze the effect of the unknown channels on the energy harvesting rate and achievable rate. For analytical tractability, we obtain the bounds on the energy harvesting rate and achievable rate.
A. Energy Harvesting Rate
Based on the energy beamforming, the energy harvesting rate (7) can be derived as [3] 
The result of (15) is obtained by performing expectation over the unknown backward channel, which takes the fuzziness of h b kr into account. To simplify the calculation, we derive the upper and lower bounds on the incident signal power.
Proposition 1 The boundary of the incident signal power of tag k, when energy bamforming is performed using the BS-CSI, is given by
where
] ,
] .
Proof: Please refer to Appendix A.
B. Ergodic Achievable Rate
The exact expression for the rate R k in (12) is analytically intractable. Since f (x) = log(1 + 1 x ) is a convex function, by utilizing Jensen's inequality, the lower bound on the ergodic achievable rate is given by (17) shown at the top of this page. The result of (17) is obtained by performing expectation over the unknown backward and forward channels, which takes the effect of unknown channels into account. 
where p k = δ k P Ik , and the SINR
) .
(19)
Proof: Please refer to Appendix B. We also note that the SINR appears analytically intractable. For analytical tractability, we obtain the lower bound on the SINR as (20) shown at the top of next page. We take the lower boundR MRC kL as the achievable rate, and P L Ek as instantaneous energy harvesting rate in Eq. (14) to complete the beamforming design.
V. Numerical Results
In this section, we verify the performance improvement of the proposed scheme through numerical simulations. We consider two tags and assume the duration of each time block is T = 200 symbol periods. We set the noise power of the backward link asσ 2 = −60 dBm and noise power of the whole backscatter link as σ 2 = −90 dBm. We also use the long-term fading model β k = 0.0086 4πd 2 k [3] , where the distance d 1 = 4 m and d 2 = 6 m. The energy conversion coefficient is η = 0.65 and the reflection coefficient of two tags is δ 1 = δ 2 = 0.3 + 0.4i [7] . We consider the circuit power consumption rates as ρ = 8.9 µW [5] .
To verify the performance gain of the proposed scheme, we give two benchmarks, i.e., the case of beamforming with perfect CSI and the case of omnidirectional transmission. In the first case, we assume the reader has perfect knowledge
) . (20)
of F-CSI for energy beamforming and B-CSI for information detection. Thus, the step of the CE can be removed. In the second case, the reader performs omnidirectional transmission without energy beamforming. Channel estimation is only used for information detection. Figs. 2 and 3 show the efficiency of the proposed scheme. We first compare the achievable rate to the two benchmarks. As shown in Fig. 2 , we can observe that the max-min rate of the proposed scheme is significantly higher than that of omnidirectional transmission, while slightly lower than that obtained by energy beamforming with perfect CSI. From Fig. 3 , we can also observe that the energy harvesting rate of the proposed scheme has a large gain compared to that of omnidirectional transmission, only a slight loss compared to that obtained using perfect CSI. Furthermore, as M increases, the energy harvesting rate by using beamforming increases, while the energy harvesting rate by omnidirectional transmission remains as a small constant. Due to the extremely low energy harvesting rate of omnidirectional transmission, it is difficult to activate the tag for communication when the transmission power at the reader is low. However, beamforming can greatly increase the energy harvesting rate to activate tags and ensure uninterrupted backscattering of tags.
Figs. 4 and 5 compare our energy beamforming scheme, which maximizes the minimum rate for all tags subject to the power consumption constraint, and the existing energy beamforming design that aims to maximize the minimum energy harvesting rate. Fig. 4 indicates that the minimum achievable rate of the proposed scheme is significantly higher than that of previous energy beamforming scheme. Besides, it shows that the proposed beamforming scheme can effectively guarantee the reliable communications and fairness of all tags. Even though the energy harvesting rate of tag 1 is low, it can also reach the same achievable rate as tag 2. The beamforming scheme which maximizes the minimum energy can ensure the energy harvesting rate of the two tags is equivalent. However, due to the double near-far effect [8] , the rate of tag 2 is 80% lower than that of tag 1, when M = R = 5. Thus, it is wasteful for the portion of the energy that exceeds the circuit power consumption of the tag.
VI. Related Work
Significant progress has recently been made on the energy beamforming in wireless powered communication [6] , [9] , [10] . To harness the benefits of energy beamforming, there have been many efforts made to enable energy beamforming in WPBC. Long et al. [2] focus on optimizing the transmit beamforming to maximize the sum rate of a cooperative WP-BC system. Gong et al. [11] investigate energy beamforming in a relay WPBC system. Both these studies assume that F- CSI can be known to achieve energy beamforming. However, the closed-loop propagation and power-limited tags make it hard to obtain F-CSI. Instead, Yang et al. [3] perform energy beamforming via the estimated BS-CSI to improve WET efficiency. Departure from these studies, our work considers the beamforming design for both energy supply and data transfer to ensure communication performance.
VII. Conclusion
In this paper, we investigate the energy beamforming via estimated BS-CSI to improve the performance of multiuser WPBC system. To ensure uninterrupted communication, achievable rate and user fairness, we propose a beamforming scheme for power and information transfer in WPBC using the estimated BS-CSI. Additionally, we obtain the analytical expressions of the energy harvesting rate and lower bound on the ergodic achievable rate to optimize resource allocation for maximizing the minimum rate for all tags. Our results indicate that the proposed beamforming scheme offers tremendous performance gains, compared to state-of-the-art energy beamforming schemes. We hope that our investigation on the proposed energy beamforming scheme can provide some implications for future designs.
)) . Then the expectation in (17) can be rewritten as
, then
where Γ(0, τ β i )
Since h mk |h f mk ∼ CN 
Then, we can utilize (21), and substitute (24) and (25) into (23). Here we complete the proof.
